Background: A 3-year extension of two Phase III parent studies of intravenous (IV) bapineuzumab in patients with mildto-moderate Alzheimer's disease dementia (apolipoprotein (APOE) 4 carriers and noncarriers) is summarized. Objectives: The primary and secondary objectives were to evaluate the long-term safety, tolerability, and maintenance of efficacy of bapineuzumab. Methods: A multicenter study in patients who had participated in double-blind placebo-controlled parent studies. Patients enrolled in the extension study were assigned to receive IV infusions of bapineuzumab (0.5 or 1.0 mg/kg) every 13 weeks until termination but were blinded to whether they had received bapineuzumab or placebo in the parent studies. Results: A total of 1,462 (688 were APOE 4 carriers and 774 were noncarriers) patients were enrolled. Extension-onset adverse events occurred in >81% of the patients in each dose group. Fall, urinary tract infection, agitation, and ARIA-E occurred in ≥10% of participants. The incidence proportion of ARIA-E was higher among carriers and noncarriers who received bapineuzumab for the first time in the extension study (11.8% and 5.4%, respectively) versus those who were
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INTRODUCTION
Bapineuzumab is a recombinant humanized monoclonal antibody that targets the N-terminus of the human amyloid-␤ (A␤) protein and was designed to lower cerebral A␤ deposits in Alzheimer's disease (AD) [1, 2] . Bapineuzumab was investigated as a disease-modifying therapy for treatment of AD in 15 clinical studies conducted over several years (2006) (2007) (2008) (2009) (2010) (2011) (2012) . The Phase III program consisted of four similarly designed studies conducted in parallel. Studies 301 and 302 (NCT00575055 and NCT00574132, respectively) were conducted primarily in the United States, and global Studies 3000 and 3001 (NCT00667810 and NCT00676143) were conducted at sites in more than 26 countries worldwide [3, 4] .
No clinical benefit was observed in either Study 301 or 302; neither showed significant differences in clinical efficacy between bapineuzumab at these dosages and placebo groups [3, 5] . Lack of efficacy on clinical endpoints was later confirmed in the global Studies 3000 and 3001, and the extension phases of both of these latter studies were terminated early [4] . Bapineuzumab clinical development was discontinued in December 2012.
Biomarkers tested in subsets of participants in the bapineuzumab studies included cerebrospinal fluid (CSF) phosphorylated-tau (p-tau), total tau (T-tau), CSF A␤ , and amyloid positron emission tomography (PET). CSF p-tau and T-tau are elevated in patients with AD, reflecting AD-related neurodegeneration, while CSF A␤ , a marker of cerebral amyloid accumulation, is reduced [6, 7] . Although no clinical benefit was demonstrated, treatment with bapineuzumab over 18 months reduced the concentration of p-tau in CSF relative to placebo in APOE 4 carriers, and in the 1.0 mg/kg dose level in noncarriers but not in the 0.5 mg/kg dose level or in pooled analyses of doses in noncarriers [3, 8] . Brain amyloid burden assessed by 11 C-Pittsburgh compound B-PET imaging of a subset of participants in phase III trials was significantly reduced in carriers and in pooled analyses of both carriers and noncarriers versus placebo but not in the noncarriers separately [9] . Findings from phase II PET studies also had shown reduction of the mean 11 C-PiB retention ratio from baseline to week 78 for the bapineuzumab group relative to the placebo group, indicative of some target engagement by bapineuzumab on amyloid plaques [10] .
In bapineuzumab Phase II studies, parenchymal and sulcal hyperintensities were seen on fluid attenuated inversion recovery (FLAIR) sequence of magnetic resonance imaging (MRI) scans consistent with edema or effusion, termed ARIA-E (amyloidrelated imaging abnormalities with edema/effusion). A greater incidence of ARIA-E was reported with increasing bapineuzumab dose and with copy number of Apolipoprotein E (APOE) 4 allele [11] . The bapineuzumab 2.0 mg/kg dose was discontinued early (approximately 14 months after trial initiation) in the APOE 4 noncarrier trials 301 and 3000 due to a higher rate of clinically symptomatic ARIA-E (7.8% versus 1.5% in 0.5 and 1.0 mg/kg dose groups respectively in 301 trial), and patients who were initially randomized to 2.0 mg/kg were reassigned to the 1.0 mg/kg group.
ARIA-E was confirmed as the most notable adverse event (AE) in the phase III studies. The Final Read of MRI brain scans assessed after participants completed Study 301 or Study 302 showed that treatment-emergent ARIA-E occurred in 15.8% of bapineuzumab and 0.8% of placebo-treated patients respectively. ARIA-E occurred in 5.6%, 13.4%, and 19.9% of APOE 4 noncarriers in 0.5, 1.0, and 2.0 mg/kg groups, respectively, and in 21.2% of carriers in the 0.5 mg/kg group [12] . In the global studies, incidences of ARIA-E in noncarriers were 4.9% and 11.8% in bapineuzumab 0.5 mg/kg and 1.0 mg/kg groups respectively and 0.6% in the placebo group, and for APOE 4 carriers ARIA-E occurred in 16 .7% of the 0.5 mg/kg group and 2.1% of the placebo group [4] .
C o r r e c t e d P r o o f
Long term safety and tolerability of bapineuzumab in patients with AD were reported in two other extension studies that were terminated early due to lack of efficacy in phase III trials, Study 3002 with noncarriers (NCT00996918) and Study 3003 with carriers (NCT00998764) were continued from their two global phase III parent studies [13] . Patients who were receiving bapineuzumab continued at the same dose and patients receiving placebo began bapineuzumab in the extension studies. ARIA-E identified during both extension studies was the main bapineuzumabassociated AE, overall occurring in approximately 11% of placebo→bapineuzumab (pbo→bapi) and 4% of bapineuzumab→bapineuzumab (bapi→bapi) groups. Exploratory analysis showed that clinical efficacy was not significantly different between groups in either study [13] .
Here we report the findings from the open-label extension study conducted in patients with AD who participated in the parent phase III Studies 301 and 302 that evaluated APOE 4 allele noncarriers and carriers in the same bapineuzumab dose groups as separate study cohorts. In this study, we examined the longer-term effects of bapineuzumab on the incidence and severity of clinically relevant AEs. Cognitive and functional efficacy endpoint changes over time (from the parent study and this study baselines), and changes from extension study baseline in AD-related health outcome measures and clinical biomarkers were also assessed.
METHODS
Overview of study design
This was a multicenter, long-term safety and tolerability open-label phase III extension study (Study 351, NCT00937352) of intravenous (IV) bapineuzumab in patients with mild-to-moderate AD who participated in Study 301 (APOE 4 noncarriers) or in Study 302 (APOE 4 carriers). The parent studies were two multicenter, randomized, double-blind, placebo-controlled studies that were previously published [3] . Each study consisted of a 6-week screening period, 65 weeks of dosing during which bapineuzumab or placebo was infused intravenously every 13 weeks (day 1, weeks 13, 26, 39, 52, and 65), and a follow-up period of 13 weeks.
Study 351 was conducted at 184 sites in the US (171), Canada (12) , and Germany (1) from October 2009 to September 2012. Approximately 1000 patients from Study 301 and 700 from Study 302 were enrolled in this extension study. Patients without ARIA-E in Study 301 who had received bapineuzumab continued to receive treatment with bapineuzumab IV once every 13 weeks at the same assigned dose level (either 0.5 or 1.0 mg/kg). Patients who had received placebo in the parent study, were randomized to receive either bapineuzumab 0.5 mg/kg or 1.0 mg/kg at a ratio of 1:1 without stratification. Patients who originally received the discontinued 2.0 mg/kg dose in the Study 301 were reassigned to 1.0 mg/kg during that study and continued to receive the 1.0 mg/kg dose in this extension study.
For this extension study, APOE 4 carriers (from Study 302) were assigned to bapineuzumab 0.5 mg/kg whether they had received bapineuzumab or placebo. Patients who were on active treatment in Study 301 and had experienced ARIA-E prior to their enrollment in Study 351 were assigned to bapineuzumab 0.5 mg/kg dose group. As per protocol, a redosing scheme was used for patients who were detected with ARIA-E at the last visit (Visit 15/Week 78) of either parent study. Accordingly, those patients who had previously received bapineuzumab 0.5 mg/kg or placebo prior to their enrollment in Study 351 were assigned to a starting dose of 0.15 mg/kg, and if they had received 1.0 mg/kg, they were assigned to a starting dose of 0.5 mg/kg in the extension study. Following resolution of ARIA-E MRI findings and any clinical findings, the bapineuzumab 0.15 mg/kg starting dose was increased to 0.5 mg/kg at the next scheduled dose and was maintained at the same level for all subsequent infusions.
This study design resulted in an early-start bapineuzumab treatment group that included all patients who had received active treatment in parent Studies 301 or 302 and continued after enrollment in Study 351, and a delayed-start treatment group of those who had received placebo prior to Study 351. Bapineuzumab dose level assignment for noncarriers and assignment to treatment in parent studies remained blinded to patients, sponsor staff and medical site staff.
Study 351 was approved by each participating local site institutional review board or independent ethics committee and written informed consent was obtained from each patient (or legally authorized representative). The study was conducted in accordance with the ethical principles that have their origin in the Declaration of Helsinki and that are consistent with International Conference on Harmonization for Good 
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Clinical Practices guidelines and applicable local and regulatory requirements.
Population
Patients were 50 to 88 years of age at the time of trial entry and met the inclusion criteria for the parent Studies 301 and 302 [3] . Those eligible to participate in this study had to have completed all 6 study drug infusions as per parent protocol, unless they were required to temporarily suspend treatment, and met the following criteria: continued with the required clinic visits, were eligible to resume treatment, completed through to last Visit 15/Week 78 of parent studies, and had a brain MRI scan at Visit 14/Week 71 of either parent study. Also, they had to continue to live at home or in a community dwelling with an appropriate caregiver and be available for all onsite evaluations for the duration of the study. Patients who consented to participate in PET, volumetric MRI (vMRI), or CSF p-tau substudy of Study 351 must have completed parent 301/302Visit 14/Week 71 PiB PET, vMRI scan or a lumbar puncture procedure.
Patients were excluded from being enrolled into the extension study if they had any new medical contraindication or clinically significant abnormality on physical, neurological, laboratory, vital signs or electrocardiogram (ECG) examination (e.g., atrial fibrillation) that in the investigator's opinion precluded continued or initiation of treatment with bapineuzumab or participation and evaluation of response in the study. Patients were also excluded if a screening visit brain MRI scan Week 71 of the parent study indicated any significant abnormality such as evidence of prior hemorrhage >1 cm 3 , more than 4 microhemorrhages (<10 mm), or evidence of a single prior infarct >1 cm 3 , cerebral contusion, encephalomalacia, aneurysms, vascular malformations, subdural hematoma, or space occupying lesions (e.g., brain tumor such as meningioma). Per protocol, other exclusion criteria were neurologic disease other than AD, major psychiatric disorder, history of stroke or seizures; current use of anticoagulants, use of antiplatelet therapy for stroke prophylaxis (but allowed for other indications), and treatment with cognitive enhancers other than stable doses of acetylcholinesterase inhibitors or memantine.
Objectives
The primary objectives were to evaluate the longterm safety and tolerability of bapineuzumab IV in patients with AD as assessed by the incidence and severity of treatment-emergent adverse events (TEAEs) and clinically important changes in vital signs, clinical laboratory tests, ECGs parameters, brain MRI scans, physical and neurological examinations, infusion site assessments and suicidality assessments.
Secondary efficacy objectives determined if efficacy persisted after 6 months of bapineuzumab IV treatment by measuring the changes from parent study baseline and extension study baseline in the Alzheimer's Disease Assessment Scale -Cognitive subscale (ADAS-Cog/11) and the Disability Assessment Scale for Dementia (DAD). Exploratory objectives evaluated the effect of long-term bapineuzumab IV treatment on other clinical biomarker, and health outcome measures. 
Schedule of events
Study procedures
Safety assessments A TEAE was an AE that started during or after the first infusion of study drug (in Study 301 or 302) and prior to or on the date of last dose in the extension study +137 days. An AE with an onset during the extension study was called "extension-onset AE". Incidence and severity of TEAEs whether or not related to the study drug were monitored throughout the study and were solicited after ARIA-E was detected.
During the study, brain MRI scans were reviewed by local radiologists associated with each clinical site and by a central radiologist (Central Read) (BioClinica Inc., formerly Synarc, Newtown PA) for real-time safety monitoring and assessment of amyloid-related imaging abnormalities consisting of ARIA-E, ARIA-H (hemosiderin deposits), and intracerebral hemorrhages. Both local and central interpretation of the acquired MRI sequences (or the local report alone if the Central Read had not been received) were reviewed for clinical significance prior to the patient's next infusion visit.
In the blinded parent studies, a separate systematic, sequential locked retrospective review of all MRI scans by a pair of independent central neuroradiologists, called the MRI Final Read was instituted following the completion of patient's participation in either Study 301 and 302 [12] . A Final Read of all MRIs was not conducted in this extension study partly because ascertainment of ARIA-E cases was expected to improve due to increased familiarity of local and central readers and MRI procedures had evolved over the course of the study in accordance with sequential protocol amendments.
Efficacy and biomarker assessments
Longitudinal efficacy endpoints relative to the baseline in parent Study 301 or 302 (Visit 2/Pre-Day 1), and relative to the baseline in Study 351 (Visit 15/Week 78 of Study 301 or 302) were evaluated for ADAS-Cog/11, DAD, and MMSE. Change in health outcome measures were also evaluated: NPI assessed 12 neuropsychiatric disturbances common in dementia patients, DS a 13-item questionnaire administered to the caregiver assessed the required amount of assistance needed by the AD patient, Abbr. RUD-Lite v.2.4 instrument administered to the caregiver/informant gathered information on medical support utilization and other services provided to the patient, and HUI questionnaire administered to the caregiver used to obtain health status information about the patient.
Effects of bapineuzumab on disease biomarkers were assessed in subsets of enrolled participants in the parent studies who agreed to participate in optional substudies. Brain amyloid burden was determined using 11 C-PiB PET scan standardized uptake value ratio (SUVr) averaged from five cortical regions of interest (frontal, temporal, or parietal cortices, anterior and posterior cingulates, and cerebellum) with cerebellar gray matter as the reference region. Changes in CSF levels of A␤, T-tau, p-tau, and in whole brain volume (WBV) and brain boundary shift integral (BBSI), ventricular volume (VV), and ventricular boundary shift integral (VBSI), and hippocampal boundary shift integral (HBSI) measured by volumetric brain MRI (vMRI).
Study data analysis
Sample size was the number of participants that completed Study 301 and 302, were eligible and were enrolled in the extension study. Due to decision to stop ongoing bapineuzumab IV studies for lack of efficacy, results from Study 351 were available after the first data-base lock in April 2012 and then finalized after analysis of final data base lock 7 months later. Safety analysis population included all patients who consented to participate, received any study drug in the extension study. Analyses were reported separately for carriers and noncarriers. Parent study modified intent-to-treat (mITT) analysis population included all randomized patients who received at least 1 infusion or portion of an infusion of study drug and who had a baseline and at least 1 postbaseline assessment of the ADAS-Cog/11 total score and DAD total score in Study 301 or 302. This was the analysis population for Study 351 that supported the secondary efficacy objective. Biomarker analysis population included all randomized participants who had enrolled and received at least 1 or portion of an infusion of study drug. All enrolled participants in the C 11 -PiB PET assessment substudy were selected to have SUVr ≥1.35 at baseline. dose groups and were termed early start, or previously exposed, bapi→bapi and delayed start or newly exposed pbo→bapi dose groups. Analyses of treatment groups were performed for combined treatment groups, and separately for carriers and non-carriers. In Study 301, patients who were initially assigned to the bapineuzumab 2.0 mg/kg treatment group and subsequently received bapineuzumab 1.0 mg/kg were analyzed separately. These participants were also analyzed separately in Study 351, but not included in pooled early start group or in any statistical analyses. Mean change from baseline over time was presented in two ways: 1) using the parent baseline (last value measured prior to the first dose of study treatment in the Study 301 or 302), and reporting changes over the time periods of all three Studies (301, 302, and 351), and 2) using the baseline from Study 351 (i.e., last value measured prior to first dose of bapineuzumab in Study 351). Changes from extension baseline over time were used for safety evaluations. Change from parent baseline to extension Week 65 was used for analysis of secondary efficacy endpoints of ADAS-Cog/11 total score and DAD total score (parent study mITT analysis population) and exploratory clinical and biomarker endpoints.
Primary efficacy analysis evaluated longitudinal early start versus delayed start treatment differences for maintenance of bapineuzumab clinical efficacy after 6 months of treatment in the extension study. A mixed model for repeated measures (MMRM) was used to analyze the change in ADAS-Cog/11 total score and DAD total score from the parent baseline using PROC MIXED in SAS Statistical software, version 9.2 (SAS institute, Cary NC). Treatment differences (bapi→bapi minus pbo→bapi) were estimated using least-square means with factor levels weighted according to overall baseline sample proportions. MMRM Model 1 was used for analyses based on parent Study 301 alone (APOE 4 noncarriers), whereas MMRM Model 2 was used for analyses of parent Study 302 alone. Model 2 includes number of APOE4 alleles (1 or 2) as a factor. The same MMRM models were used for analyses of PiB PET, CSF, and vMRI data.
RESULTS
Patient disposition and exposure
Patient disposition in the extension study is shown in Fig. 1 . A total of 2,452 participants were randomized in the 2 parent studies. Of these, 1,738 participants completed the parent studies, 1462 were subsequently enrolled in the extension study, received bapineuzumab and included in the safety analysis population, of whom 688 (47.1%) were APOE 4 carriers and 774 (52.9%) were noncarriers. A total of 2,204 participants were in the parent study mITT analysis population which was the analysis population for the primary efficacy analysis of Study 351 (in support of secondary efficacy objectives). Of these, 1090 were carriers with 432 in pbo→bapi 0.5 mg/kg, and 658 in bapi 0.5 mg/kg→bapi 0.5 mg/kg dose groups; and 1114 were noncarriers with 493 in pooled pbo→bapi 0.5, and 1.0 mg/kg dose groups and 621 in pooled bapi→bapi 0.5, 1.0 mg/kg dose groups. There were 78 noncarriers initially assigned to the 2.0 mg/kg in Study 301, reassigned to the 1.0 mg/kg dose in Study 301 who continued the 1.0 mg/kg dose in Study 351 and were not included in the mITT analysis population but were included in the safety analysis population. Percentages of carriers and noncarriers who continued to participate in the extension study until it was terminated by the sponsor were 15.3% (105/688) and 25.7% (199/774) respectively. The most common reasons for withdrawal among both carriers and noncarriers were "withdrawal by subject" (carriers: 21.6%, noncarriers: 27.3%) and "withdrawal due to adverse event" which accounted for 12.7% among carriers and 11.8% among noncarriers. Termination resulting from "physician decision" and "sponsor decision" was 48.9% for carriers, and 51.1% for noncarriers, the majority of which resulted from study termination due to sponsor decision.
The parent studies were 1.5 years in duration. The mean (SD) person-years of exposure to bapineuzumab in the parent and extension studies for the pbo→bapi dose groups was 1.41 (0.828) years for carriers and 1.31 (0.748) years for noncarriers. In the bapi→bapi dose groups, the mean extent of exposure among carriers and noncarriers was 3.06 (0.809) years and 2.88 (0.721) years, respectively (Table 1) .
Demographics and baseline characteristics
Parent study baseline demographic characteristics were comparable for carriers and noncarriers and, within each cohort, for the pbo→bapi and bapi→bapi dose groups (Table 1) . Among the carriers, the mean age was 71.4 years in the pbo→bapi group and 70.9 years in the bapi→bapi group. The majority was white (97.0% and 95.1%, respectively) and more than half were female (59.3% and 54.2%, respectively). Among noncarriers, the mean age was 70.5 years in the pbo→bapi group and 71.9 years in the bapi→bapi group. Most were white (94.6% and 93.9%, respectively) and approximately half were female (50.9% and 52.1%, respectively).
Baseline characteristics were similar between the parent studies and the extension study. Like the parent study baseline, the percentage of participants with mild AD at the extension study baseline remained higher among the noncarriers (41.8% in pbo→bapi; 44.4% in bapi→bapi) than the carriers (32.5% and 35.4%, respectively) ( Table 1) . Among APOE 4 noncarriers, 64.3% in the pbo→bapi group and 63.5% in the bapi→bapi group had mild AD (MMSE total score ≥21) at parent Study 301 baseline. MMSE values ranged from 16 to 26. Among APOE 4 carriers, 52.1% in the pbo→bapi group and 56.6% in the bapi→bapi group had mild AD at parent Study 302 baseline, MMSE values ranged from 14 to 27. For both carriers and noncarriers, MMSE values at extension study baseline ranged from 30 to as low as 0, indicating that some patients had marked decline in dementia.
Safety assessment
An overview of TEAEs in both carriers and noncarriers, is shown in Table 2 . In carriers, extension-onset AEs occurred in 83.5% of the patients in the pbo→bapi group and 87.2% of those in the bapi→bapi group, and the AEs were judged by investigators to be related to study drug in 26.6% and 18.2% of groups, respectively. In noncarriers, the incidence of corresponding AEs was 82.3% in pbo→bapi group and 81.1% in bapi→bapi group and study drug related AEs was in16.8% and 12.9% of cohorts, respectively. Within each treatment dose group, the overall extension-onset AE profile was comparable for the pbo→bapi and bapi→bapi groups, although the percentages of carriers with AEs related to study drug and severe AEs (SAEs) were higher in the pbo→bapi group (26.6% and 30.0%, *N as of database cut-off date (represents a total of 1,390 subjects who received bapineuzumab in extension Study 351). Plus-minus values are means ± SD. Years of exposure was calculated as the number of days from the day of the first infusion through either the day of the last infusion plus 137 days or the day of last study visit plus 1 day, whichever is shorter, divided by 365.25. Subjects in the noncarrier study who were originally randomized to 2.0 mg/kg were reassigned to the 1.0 mg/kg dose in that study, and continued the 1.0 mg/kg dose in Study 351 are not included in the Bapi 1.0→1.0 mg/kg group. APOE 4 denotes apolipoprotein E, heterozygote, and homozygote denote 1 and 2 copy number of 4 allele. 3) a Overview of TEAEs that occurred in the parent and extension studies. Bapi, Bapineuzumab; pbo, Placebo; ARIA-E, amyloid-related imaging abnormalities that include intraparenchymal extravasation of fluid, sulcal effusions and gyral swelling that may or may not be present. Each AE was classified by the investigator as "Related" or "Not Related" AEs with missing relatedness are counted as "Related". Counts and percentages are based on the number of subjects with AEs (not events). Adverse events are coded using MedDRA version 14.1. respectively) than in the bapi-bapi group (18.2% and 23.5%). No extension-onset AE occurred within 24 hours of an infusion. All AEs of ARIA-E were considered related to study drug. Overall, for both carriers and noncarriers in all treatment groups, the extension-onset AE profile and incidence proportions were similar to the AEs observed during the parent and extension studies.
C
Extension-onset TEAEs occurring in ≥5% of patients in any treatment group were nervous system and psychiatric disorders ( Table 3 ). The most common AEs occurring in ≥10% of participants were fall, urinary tract infection, agitation, and ARIA-E. AEs with preferred terms categorized as ischemic stroke in the parent studies (e.g., cerebral infarction, transient ischemic attack, ischemic stroke) each occurred in ≤1.1% of participants in the pbo→bapi and bapi→bapi groups, in both carriers and noncarriers.
In both cohorts, a majority of TEAEs were rated mild or moderate. Among carriers, in newly exposed and previously exposed dose group, 15.8% and 14.6% experienced severe AEs, and 1.3 and 1.5% had life-threatening TEASs. Among noncarriers the corresponding percentages of those with severe AEs were 12.0% and 10.8% and those with lifethreatening AEs were 0.3% and 1.3% respectively. Within each cohort, the incidence of extensiononset SAEs was generally similar in the pbo→bapi and bapi→bapi groups, and most individual SAEs occurred in <2% of patients in any treatment group. The incidence proportion of SAEs that occurred in ≥2% of carriers in either dose group were pneumonia (3.4% and 1.0%, respectively), convulsion (2.0% in each group) and syncope (2.0% and 1.8%, respectively).
ARIA-E was reported as an SAE in 4 (1.3%) carrier patients in the pbo→bapi group and none in the bapi→bapi group. The only SAE in ≥2% of non-carriers was pneumonia (2.5% in pbo→bapi and 1.1% in bapi→bapi groups). ARIA-E as an SAE occurred in 2 (0.6%) noncarrier patients in the pbo→bapi group and in 1 (0.3%) in the bapi→bapi group. ARIA-E did not lead to study discontinuation in noncarriers, but in carriers the incidence proportion of ARIA-E leading to discontinuation was 2.1% in pbo→bapi and 1.3% in bapi→bapi dose groups. Among carriers, there were 14 (4.7%) deaths in the pbo→bapi and 12 (3.1%) in the bapi→bapi group, and among noncarriers death occurred in 11 (3.5%) and 9 (2.4%) of patients in the two dose groups respectively. This represented an increase in the total number of deaths (3 among carriers and 9 among noncarriers) compared with the parent studies. Two additional deaths occurred after the last dose of study drug. Both were noncarriers: a 61-year-old male who received bapineuzumab 1.0 mg/kg in parent Study Incidence proportion is the ratio of the number of subjects with the event to the total number of subjects *100. The exact binomial 95% CI is calculated for each treatment group proportion and for the difference in treatment proportions. Extension-onset AEs are treatment-emergent AEs which started during or after the first bapineuzumab infusion in the extension study and prior to or on the date of last dose +137 days.
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301, and 5 doses in the extension study died due to progressive dementia and a 76-year-old male who had received bapineuzumab 0.5 mg/kg in Study 301 and 9 doses in the extension study died due to prostate cancer (>137 days after the last dose).
Events of special circumstance (ESCs) were AEs that were prespecified to be reported to the sponsor regardless of the investigators' assessment of seriousness or causality. For bapineuzumab IV ARIA-E, cerebral hemorrhage, seizures or convulsions, and pulmonary embolism were identified as ESC per protocol. Their incidence proportion and the difference between the pbo→bapi and bapi→bapi dose groups are shown in Table 4 . The incidence of ARIA-E was higher among carriers than noncarriers over the entire parent plus extension studies. ARIA-E occurred in 12.2% of carriers versus 5.4% of noncarriers for the pbo→bapi group and for the bapi→bapi group 11.9% versus 6.0% developed ARIA-E respectively. Extension-onset ARIA-E occurred in 11.8% carriers and 5.4% noncarriers in pbo→bapi group, versus 5.1% and 1.3% in bapi→bapi group, respectively. In noncarriers, there was a dose dependent increase in the incidence proportion of ARIA-E among patients who were newly exposed to bapineuzumab (3.2% in pbo→bapi 0.5 mg/kg, and 7.6% in pbo→bapi 1.0 mg/kg) but not among those previously exposed group. There were no noteworthy differences in the incidence proportions of intracranial hemorrhage, or DVT/PE between carriers and noncarriers, or between the pbo→bapi and bapi→bapi groups within each cohort. The small difference in incidence of seizures/convulsion in carriers versus noncarriers who received bapineuzumab in both the parent and extension studies (2.6% versus1.8%) was not clinically relevant due to a small number of patients who experienced seizure/convulsions.
In both carriers and noncarriers who first received bapineuzumab in the extension study (i.e., pbo→bapi group), all cases of ARIA-E began after the 1st, 2nd, or 3rd bapineuzumab infusion.
ARIA-E was asymptomatic in most cases. Clinical observations solicited from investigators associated with cases of ARIA-E included altered mental status (e.g., increased confusion, lethargy, disorientation or hallucinations), seizures, gait difficulties, vomiting, headache fatigue, and dizziness. In carriers, the cases of symptomatic extension-onset ARIA-E in the pbo→bapi group all occurred after first dose (n = 1), dose 2 (n = 5) or dose 3 (n = 1), which was similar to the pattern in parent studies. The single case of symptomatic ARIA-E in the bapi→bapi group occurred after dose 8. In noncarriers, all cases of symptomatic ARIA-E occurred after the first dose of bapineuzumab. Asymptomatic ARIA-E occurred after the first three doses of bapineuzumab in the pbo→bapi group (n = 12) and after doses 5 and 9 in the bapi→bapi group (n = 3).
Clinical severity of ARIA-E was rated by the investigator as mild or moderate for all cases in carriers (except in one) and noncarriers. Clinical severity in one carrier, in the pbo→bapi group, was rated severe (dizziness). Extension-onset ARIA-E resolved without sequelae in most patients. In carriers, extension-onset ARIA-E resolved in 32 of 34 in the pbo→bapi group and in 17 of 19 in the bapi→bapi group. ARIA-E in 1 carrier in the bapi→bapi group resolved with sequelae (two ongoing events of cerebral microhemorrhage and hemosiderin deposits ≥10 mm in size) and residual cerebral edema did not recede in 1 carrier (in pbo→bapi group) at the last follow-up MRI visit. In noncarriers, all cases of extension-onset ARIA-E resolved. The median duration of cases that resolved was 79 days and 77 days for carriers in the pbo→bapi and bapi→bapi early groups respectively and for noncarriers it was 93 and 107 days, respectively.
At extension baseline (i.e., the last MRI Central Read prior to the first dose of bapineuzumab in Study 351), a numerically higher percentage of patients in the previously exposed bapi→bapi group were identified with small hemosiderin deposits (HDs, <10 mm; synonymous with microhemorrhages) (carriers:15.9%, noncarriers 14.5%) versus those in the previously unexposed pbo→bapi group (carriers:10.5%; noncarriers:10.1%). This was expected given the screening procedures for Study 351. If a participant who wanted to enter the extension study had a significant number of HDs <10 mm on the last MRI, the brain MRI worksheet was sent to an unblinded monitor. If the participant had received bapineuzumab during the parent study, he or she was permitted to enroll in Study 351, but if received placebo during the parent study, he or she was not permitted to enroll. Approximately 1/3 of the carriers had HDs prior to the onset of the first ARIA-E, approximately half of them had HDs at onset and at the end of an episode of ARIA-E, and approximately 40% of them had HDs after ARIA-E resolved. The results were similar in the pbo→bapi and bapi→bapi groups.
Patients who experienced intracranial hemorrhage in either parent study or the extension study discontinued treatment as per sponsor's recommendation. Nonetheless, a few patients who were identified with intracranial hemorrhage in the parent study participated in the extension study. Intracranial hemorrhage had occurred in 3 carriers and 3 noncarriers during the parent study (in both, 1 in pbo→bapi and 2 in bapi→bapi group). Among carriers, extension-onset intracranial hemorrhage occurred in 4 patients in the newly exposed group (2 with subdural hematoma, 1 with cerebellar hemorrhage, and 1 with subarachnoid hemorrhage) and in 5 patients in the previously exposed group (4 with subdural hematoma, and 1 with subarachnoid hemorrhage). Subdural hematoma led to death in 1 patient in the pbo→bapi group approximately 6 months after onset. Among noncarriers, intracranial hemorrhage occurred in 6 patients in the pbo→bapi group (3 with subdural hematoma and 3 with cerebral hemorrhage) and in 4 in the bapi→bapi group (all with subdural hematoma). Subdural hematoma led to death in one patient diagnosed in each dose group. Table 5 shows the MMRM analysis of leastsquares (LS) means (SE), and the LS mean difference between pbo→bapi and bapi→bapi dose groups for change in ADAS-Cog/11 and DAD total scores from parent baseline to extension week 65 in the parent mITT population. There was no statistically significant difference in ADAS-Cog/11 and DAD total scores between participants who had received bapineuzumab since the beginning of the parent study (early start dose group) and those who first received bapineuzumab during the extension studies (delayed start dose group) in either carriers or noncarriers.
Clinical efficacy
Efficacy results from the extension study indicated that lack of effect on clinical cognitive and functional efficacy endpoints persisted after long-term treatment with bapineuzumab IV therapy. A subgroup analysis by disease severity showed similar results for participants with either mild or moderate AD. No changes in ADAS-Cog/11 and DAD total scores were observed in any bapineuzumab treatment cohort during the extension study (from extension baseline to extension week 65). The trajectories of observed values for ADAS-Cog/11 and DAD over the entire course of the parent and extension studies (to week 65) are presented in Figs. 2 and 3 , respectively, and show that both carries and noncarriers continued to decline in cognition and function.
Exploratory efficacy, health outcome, and biomarker assessments
The results of MMRM analysis of change from parent baseline to extension week 65 for MMSE total score and the following health outcomes of Dependence Scale total score, NPI total score, Abbr. were from a restricted maximum likelihood (REML)-based mixed model for repeated measures (MMRM) with change from parent baseline as the response variable and the fixed effect model terms for treatment, visit (scheduled week), treatment-by-visit interaction, baseline value, baseline value-by-visit interaction, MMSE total score stratum, cholinesterase inhibitor or memantine use stratum, apolipoprotein (APOE) 4 allele copy number stratum, and baseline age. b Treatment differences (Study 302: Bapi 0.5→0.5 mg/kg minus Pbo→Bapi 0.5 mg/kg; Study 301:Bapi→Bapi minus Pbo→Bapi) were estimated using least-squares (LS) means with factor levels weighted according to overall baseline sample proportions. Bapi = Bapineuzumab; pbo = Placebo. The ADAS-Cog/11 total score ranges from 0 (less impairment) to 70 (greater impairment); a positive change from baseline indicates worsening. DAD total score ranges from 0 (greater impairment) to 100 (less impairment); a negative change from baseline indicates worsening. Fig. 2 . ADAS-Cog/11 total score change over time from parent baseline to extension Week 65 for APOE 4 carriers and noncarriers (parent study mITT population).
C o r r e c t e d P r o o f
RUD-Lite Primary Caregiver total time per month, and HUI total score are shown in Supplementary  Table 1 . For all efficacy and health outcome measures, the LS mean difference between the pbo→bapi and the bapi→bapi pooled dose groups was not statistically significant at any point over the duration of Only a small number of carriers (n = 39) and noncarriers (n = 5) participated in the PiB PET imaging substudy and were followed for evaluation of change in brain amyloid burden from parent baseline to extension study Week 52, thus no MMRM analyses were performed. There was no meaningful change from parent study baseline to Week 52 of extension study in the SUVr for the global cortical average for pbo→bapi and bapi→bapi dose groups in either carriers or noncarriers (Supplementary Table 2 ).
Brain volume changes overtime from parent study baseline to extension study Week 45 and 65 for BBSI, VBSI, WBV, VV, and HBSI measured by vMRI with the MMRM analyses are shown in Supplementary  Table 3 . The least square mean difference in brain volume change between the pbo→bapi group and bapi→bapi group was not statistically significant at either time point for either carriers or noncarriers except for right HBSI. The latter showed a statistically significant shift from parent baseline to extension week 45 between the delayed start and early start dose groups for carriers (p = 0.014), but not for noncarriers (0.863). Change from baseline in BBSI vMRI at several time points over the entire duration of parent and extension study is illustrated in Fig. 4 .
The relationships between change from parent baseline to extension Week 65 in vMRI BBSI (mL/year) and changes in cognitive and functional measures (ADAS-Cog/11 and DAD total scores) were determined in the vMRI analysis population. In carriers and noncarriers, vMRI BBSI at extension week 65 was significantly positively correlated with change in ADAS-Cog scores for the pbo→bapi and bapi→bapi dose groups, indicating cognitive decline was associated with greater brain volume loss. In carriers, the Pearson correlation coefficients for BBSI (mL/year) at extension Week 65 versus change in ADAS-Cog score was 0.505 for the pbo→bapi group and 0.670 for the bapi→bapi group (p-values<0.001). Similarly, in noncarriers, the Pearson correlation coefficients were 0.683 for the pbo→bapi group and 0.642 for the bapi→bapi group (p-values<0.001).
Change in vMRI BBSI (mL/year) was weakly negatively correlated with change in DAD total score for the pbo→bapi and bapi→bapi dose groups in both carriers and noncarriers, indicating functional decline was not correlated with greater volume reduction. In carriers, the Pearson correlation coefficients for BBSI at extension Week 65 versus change in DAD total score was -0.364 (p-value = 0.014) for the pbo→bapi group and -0.530 for the bapi→bapi group (p-values<0.001). In noncarriers, corresponding correlation coefficients were -0.291 (p-value = 0.158) and -0.584 (p-value<0.001), respectively.
Change over time from parent study baseline in CSF level of p-tau to extension Week 65 is shown in Fig. 5 , and there was no significant difference between the newly and previously exposed groups for either carriers or noncarriers. Similar findings were observed for changes in the CSF levels of Ttau, and A␤ (A␤ x-40 ), except for change in CSF level of A␤ x-42 between the two dose groups which was statistically significant in carriers only (p = 0.005) (Supplementary Table 2 ).
DISCUSSION
We reported on long-term safety of bapineuzumab IV administered every 13 weeks over approximately 3 years in patients with mild-to-moderate AD who had completed their participation in the original double-blind parent studies (Study 301 and Study 302) [3] and were enrolled into the phase III extension study.
Infusion of bapineuzumab 0.5 or 1.0 mg/kg every 13 weeks was generally well tolerated, with a safety profile that was similar to the parent studies [3] . A noteworthy difference was that incidence proportion of extension-onset ARIA-E in both noncarriers and carriers who first received bapineuzumab in the extension study was higher than that in those who received bapineuzumab in the preceding double-blind study. This finding is consistent with a reduction in risk for ARIA-E with prior exposure to bapineuzumab. The frequency of extension-onset ARIA-E in the pbo→bapi group (pbo→bapi: carriers; 11.8%, noncarriers, 5.4%) was comparable to the incidence of ARIA-E detected during the doubleblind parent studies in the MRI Safety Read (carriers, 15.3%; noncarriers pooled 0.5 and 1.0 mg/kg, 6.8%) [12] . This higher incidence proportion of ARIA-E in patients who first received bapineuzumab in the extension study compared with those who had previously received bapineuzumab in the parent studies, confirms the decline in the incidence of ARIA-E over time with continued bapineuzumab exposure, and reduced risk of ARIA-E after longer exposure. In both carriers and noncarriers, all cases of extensiononset ARIA-E and most cases of HD began after the first, second or third bapineuzumab infusion. This is consistent with the finding in parent studies that detected a higher frequency of first episodes of ARIA-E during the intervals between first and third bapineuzumab infusions followed by decline after subsequent infusions [12] . ARIA-E was generally mild, asymptomatic, and resolved without sequelae. ARIA-E in 1 carrier in the bapi→bapi group resolved with sequelae and did not resolve in 4 carriers. Changes in MMSE and ADAS-Cog/11 scores from the visit preceding ARIA-E onset to the following visit were small, similar in noncarriers and carriers, and similar within each cohort in the placebo→bapi and bapi→bapi groups. It is difficult to draw conclusions about lack of ARIA-E effect on cognition in the extension study due to the decreased MRI frequency and relatively small proportion of subjects with extension-onset of ARIA-E compared with the parent studies, and the overall cognitive decline across all groups. However, clinical correlates of ARIA-E in the blinded phase III parent studies indicated no difference in the rate of decline on ADAS-Cog, MMSE or DAD assessments in bapineuzumab-treated groups with ARIA-E as compared with non-ARIA-E participants [14] .
Based on extension-onset AEs, the long-term safety and tolerability profile of bapineuzumab IV was generally similar in APOE 4 carriers and noncarriers except for a higher incidence proportion of ARIA-E in carriers versus noncarriers within the respective pbo→bapi and bapi→bapi dose groups. In the PiB PET substudies of parent phase III trials, 36.1% (21/61) of noncarriers and only 6.5% (8/123) of carriers tested negative for amyloid at baseline (i.e., had SUVR <1.35) and were excluded from the analyses of change from baseline in brain amyloid signal [3, 9] . Hence, differences in incidence of ARIA-E among carriers and noncarriers may in part be attributed to higher prevalence of significant amyloid burden at baseline in the carrier group as compared to noncarriers and to differences in mechanism of amyloid-clearance related to APOE 4 in carriers. The frequency of TEAEs in both pbo→bapi and bapi→bapi dose groups is consistent with the long duration of this study and an elderly AD population and were comparable to frequency of AE events reported in the parent studies [3] . The percentages of patients with SAEs were higher for carriers than noncarriers. In both APOE 4 carriers and noncarriers, no individual treatment-emergent SAE occurred with a frequency of >3.5% in either treatment group and most occurred in <2% of patients. The SAE profiles were generally similar between carriers and noncarriers and within each cohort percentages of patients with individual SAEs were similar in the two treatment groups. There were no noteworthy differences between APOE 4 noncarriers and carriers, or between the dose groups within each cohort, in the incidence proportions of other ESCs, i.e., intracranial hemorrhage or DVT/PE.
The double-blind, placebo-controlled parent studies that preceded this long-term extension study did not show statistically significant differences between bapineuzumab IV and placebo in either cognitive or functional clinical endpoints [3] . After 6 to 12 months of bapineuzumab treatment in the extension study, there was a lack of treatment difference in the efficacy endpoints between patients who previously received bapineuzumab in parent studies prior to extension C o r r e c t e d P r o o f study and those who had received placebo prior to the extension study. This indicated there was no evidence of delayed benefit from previous exposure to bapineuzumab.
Relative to the baseline in parent Study 301 or 302, change in ADAS-Cog/11 total score at extension Week 65, was numerically in favor of less cognitive impairment for the bapi→bapi group as compared to pbo→bapi group, but was not statistically significant (in carriers, p = 0.568; in noncarriers p = 0.667). Bapineuzumab treatment over time did not result in any significant improvement in key health outcome endpoints and progressive decline continued despite treatment, indicating that long-term treatment with bapineuzumab at these doses did not slow AD progression. The lack of clinical benefit may in part be explained by insufficient amyloid clearing at given doses which were limited by treatment-emergent ARIA-E, inadequately altering accumulation of the most pathologic A␤ species, and by initiating bapineuzumab treatment too late in the disease process. The long preclinical phase to AD involves not only amyloid deposition but also progressive and likely irreversible neurodegeneration with brain volume loss [15, 16] ; this process gradually accelerates and may therefore be more difficult to slow after emergence of clinical signs of AD dementia [17] .
Longitudinal studies of other anti-A␤ monoclonal antibodies targeting amyloid pathophysiologic processes in patients with mild-to-moderate AD attempted to reduce brain amyloid burden by triggering its clearance and diminishing its neurotoxicity, but there was no slowing of progression of AD. These other monoclonal antibodies include solanezumab which binds with soluble A␤ [18] , gantenerumab which binds with monomeric and fibrillar A␤ [19] , and aducanumab which selectively targets aggregated A␤. However, treatment with aducanumab in patients with prodromal or mild AD slowed decline of clinical measures (CDR-SB and MMSE scores) [20] and is being evaluated in early AD (NCT02477800). Intravenous immunoglobulin antibodies purported to increase efflux of aggregated A␤ species from the brain did not improve cognition or function at 18 months in patients with mild-to-moderate AD [21] . Two ongoing global studies, ENGAGE (NCT02477800) and EMERGE (NCT02484547), are evaluating the safety and effectiveness of aducanumab in delaying cognitive impairment and disability in people with early AD.
Other reasons for lack of clinical efficacy of antiamyloid therapies may be due to treating patients who already have substantial neurodegeneration and cognitive impairment, or including patients without significant amyloid deposition [18, 19] . Hence, proposed treatment strategies to modify AD symptoms and course of the disease have included targeting elevated levels of brain amyloid in presymptomatic stages of AD, combined therapy for amyloid plaques and neurofibrillary tangles, and better management of related risk factors such as vascular disease in asymptomatic persons [22] [23] [24] [25] . The A4 Study (NCT02008357) was designed with the aim of providing further insight into research questions of whether effectiveness of anti-amyloid therapy is limited by insufficient dose and not being administered early enough [26] . That study is investigating whether solanezumab treatment can slow progression of clinical symptoms of AD in older individuals who have evidence of cerebral amyloid accumulation. The study is currently ongoing, and findings are expected in 2022.
The results of the PiB PET, vMRI, and CSF substudies were similar for noncarriers and carriers. Within each cohort, statistically significant differences between the pbo→bapi group and bapi→bapi group were infrequent and not consistent. Overall, these findings indicate that a longer duration of bapineuzumab therapy at the delivered doses had no effect on biomarkers of AD pathology. However, the change in CSF level of A␤ 42 between the two dose groups was statistically significant in carriers only (p = 0.005). In the parent studies, the reduction from baseline in CSF p-tau was significantly greater for bapineuzumab 0.5 mg/kg versus placebo in carriers and for the 1.0 mg/kg dose in noncarriers. In this analysis, the fact that CSF p-tau levels in the pbo→bapi group were not different from the bapi→bapi group is noteworthy and suggests that dosing can be delayed and CSF p-tau reduction can "catch-up" to the previously exposed group.
In the PET substudies of parent studies, 36% of noncarriers and 5% of carriers had SUVrs below the specified threshold for cerebral amyloid signal [3] . Although challenges remain with relating AD disease biomarkers to different aspects of underlying AD pathology, enrolling patients with early stage AD disease confirmed by biomarker verification may be more effective in future trials.
A limitation of the current extension study was that although parent study blinding was maintained, both patients and site personnel knew that all participants were receiving bapineuzumab. There may have been imbalances in analyses between the pbo→bapi and C o r r e c t e d P r o o f bapi→bapi groups due to differences in study completion rates between treatment groups in the parent studies. The sample sizes for the biomarker substudies were small.
Conclusion
Infusion of bapineuzumab 0.5 or 1.0 mg/kg every 13 weeks for up to 3 years was generally well tolerated, with a safety and tolerability profile that was similar to the previous parent studies. The long-term safety and tolerability profile was generally similar in APOE 4 carriers and noncarriers, except for the higher incidence of ARIA-E in carriers. The incidence of extension-onset ARIA-E in both noncarriers and carriers was higher in those who initially received bapineuzumab during the extension study than in those who had received bapineuzumab since the start of the parent study. This finding confirmed the decline in the incidence of ARIA-E over time with continued bapineuzumab exposure, which was observed during the parent double-blind studies and was consistent with a reduced risk of ARIA-E after longer exposure. There were no other noteworthy differences in safety between those groups and analysis of TEAEs did not detect any new safety signals for bapineuzumab.
When patients from the parent studies received bapineuzumab 0.5 or 1.0 mg/kg IV in the longterm extension Study 351, similar deterioration of cognition and function occurred in the pbo→bapi and bapi→bapi groups. The results were similar for APOE 4 carriers and noncarriers. There were no statistically significant differences between those who received bapineuzumab in both the parent and extension studies and those who first received bapineuzumab in the extension study. Overall, these results confirm that bapineuzumab at these doses did not slow the clinical or pathophysiologic progression of AD. 
